Vahekultuuride biomassi moodustamise ja lämmastiku sidumise võime ja mõju järelkultuuri saagile by Toom, Merili
THE EFFECT OF COVER CROPS ON BIOMASS 
AND NITROGEN ACCUMULATION AND ON CROP 
YIELD
VAHEKULTUURIDE BIOMASSI MOODUSTAMISE 




for applying for the degree of Doctor of Philosophy 
in Agriculture 
Väitekiri
























































Doctoral Theses of  the
Estonian University of  Life Sciences

THE EFFECT OF COVER CROPS ON BIOMASS 
AND NITROGEN ACCUMULATION AND ON 
CROP YIELD
VAHEKULTUURIDE BIOMASSI MOODUSTAMISE JA 




for applying for the degree of  Doctor of  Philosophy
in Agriculture
Väitekiri
filosoofiadoktori kraadi taotlemiseks 
põllumajanduse erialal
Tartu 2021
Institute of  Agricultural and Environmental Sciences
Estonian University of  Life Sciences
According to verdict No 6-14/9-2, of  May 5th 2021, the Doctoral 
Committee of  the Agricultural Sciences of  the Estonian University of  
Life Sciences has accepted this thesis for the defence of  the degree of  
doctor of  Philosophy in Agriculture
Opponent: Prof. dr. Vaclovas Bogužas
  Institute of  Agroecosystems and Soil Sciences
  Agriculture Academy of  Vytautas Magnus University
Supervisors:  Associate Prof. Enn Lauringson, PhD, 
  Estonian University of  Life Sciences
  Associate Prof. Liina Talgre, PhD, 
  Estonian University of  Life Sciences
  Senior Researcher Andres Mäe, PhD, 
  Estonian Crop Research Institute
Defence of  the thesis:
Estonian University of  Life Sciences, F.R. Kreutzwaldi 5,
Tartu on June 16th, 2021 at 14.15
The English language was edited by Andrus Lauringson
The Estonian language was edited by Ülle Tamm





LIST OF ORIGINAL PUBLICATIONS ................................................. 7
ABBREVIATIONS ....................................................................................... 8
1. INTRODUCTION ................................................................................... 9
2. REVIEW OF LITERATURE ..............................................................11
2.1. Winter cover crops ...........................................................................11
2.2. Cover crop species used in the study ............................................12
2.3. The effect of  sowing date on cover crop biomass and 
nitrogen accumulation .............................................................................13
2.4. The effect of  cover crops on the yield of  the following cash 
crop ............................................................................................................13
3. AIMS AND HYPOTHESES OF THE STUDY ..............................16
4. MATERIALS AND METHODS ........................................................17
4.1. Experimental site, design and subjects ..........................................17
4.2. Sampling, measurements and analyses ..........................................17
4.3. Weather conditions...........................................................................18
4.4. Statistical analyses .............................................................................19
5. RESULTS ..................................................................................................20
5.1. Biomass and N accumulation of  cover crops at the earliest 
sowing date (I) ..........................................................................................20
5.1.1. Biomass and N accumulation at the earliest sowing date 
in autumn of  2016–2018 ....................................................................20
5.1.2. Biomass and N accumulation of  cover crops at the 
earliest sowing date in following springs of  2017–2019 ...............22
5.2. The effect of  sowing date on cover crop biomass and 
nitrogen accumulation (II) ......................................................................23
5.3. The effect of  cover crops on the yield of  the following 
spring barley (III) .....................................................................................25
6. DISCUSSION ..........................................................................................27
6.1. Biomass and N accumulation at the earliest sowing date (I) .....27
6.1.1. Biomass and N accumulation of  cover crops at the 
earliest sowing date in autumns of  2016–2018 ...............................27
6.1.2. Biomass and N accumulation of  cover crops at the 
earliest sowing date in following springs of  2017–2019 ...............28
6.2. The effect of  sowing date on cover crop biomass and 
nitrogen accumulation (II) ......................................................................29
6.3. The effect of  cover crops on the yield of  the following 
spring barley (III) .....................................................................................31
CONCLUSIONS .........................................................................................34
Issues requiring further research ...........................................................35
Application of  the research results .......................................................36
REFERENCES ............................................................................................37







LIST OF PUBLICATIONS ......................................................................99
7
LIST OF ORIGINAL PUBLICATIONS
The present thesis is based on the following research papers, which are 
referred to by their Roman numerals.
I  Toom, M., Talgre, L., Mäe, A., Tamm, S., Narits, L., Edesi, L., 
Haljak, M., Lauringson, E. 2019. Selecting winter cover crop 
species for northern climatic conditions. Biological Agriculture 
and Horticulture, 35(4), 263–274. 
II  Toom, M., Tamm, S., Talgre, L., Tamm, I., Tamm, Ü., Narits, 
L., Hiiesalu, I., Edesi, L., Talve, T., Mäe, A., Lauringson, E. 2021. 
The effect of  sowing date on biomass and nitrogen accumulation 
of  five winter cover crop species. Agricultural Research and 
Technology, 25, 133–140.
III  Toom, M., Tamm, S., Talgre, L., Tamm, I., Tamm, Ü., Narits, L., 
Hiiesalu, I., Mäe, A., Lauringson, E. 2019. The effect of  cover 
crops on the yield of  spring barley in Estonia. Agriculture 9, 172.
The contribution of  the authors to the papers
I II III
Idea and design MT; EL; LT; AM; LN
MT; EL; LT; 
AM
MT; EL; LT; 
ÜT; ST
Field experiment MT; EL; LT; LN; LE; MH
MT; EL, LT; 
LN; LE; TT; 
ÜT; IH
MT; EL; LT; 
AM; ÜT; IT; ST
Data analysis ST; IT ST; IT; IH ST; IT
Preparation of  
manuscript All All All
MT - Merili Toom; EL – Enn Lauringson; LT – Liina Talgre; AM – 
Andres Mäe; ST – Sirje Tamm; IT – Ilmar Tamm; ÜT – Ülle Tamm; LN 
– Lea Narits; LE – Liina Edesi; TT – Tiina Talve; MH – Merlin Haljak; 






C:N Carbon to nitrogen ratio
DM Dry matter
ETS The sum of  effective air temperatures
LTA Long-term average
ANOVA Analysis of  variance
9
1. INTRODUCTION
Over the past few decades, there has been increasing concerns about the 
negative impact of  intensive agricultural practices, especially excessive 
chemical fertilizer and pesticide application that cause soil, air, and 
water pollution, greenhouse gas emissions, and decrease of  biodiversity 
(Tilman et al., 2002; Wittwer et al., 2017). Crop production is limited 
primarily by the acquisition of  soil resources (Lynch, 2013). Nitrogen 
(N) is a key nutrient for plant growth and therefore an efficient crop 
production relies on a high input of  synthetic N fertilizers (Rütting et al., 
2018). However, not all of  the supplied N is utilized by the plants and 
the remaining part is susceptible to be lost through leaching or gaseous 
emissions (Robertson & Vitousek, 2009). Due to its mobility, nitrate is 
considered to be the primary form of  N loss from agricultural systems, 
especially in autumn and winter under humid conditions in fallow 
fields. Excess nitrate in groundwater causes ecosystem eutrophication 
and water quality degradation with negative impact on human health 
(Daryanto et al., 2017; De Notaris et al., 2018; Acharya et al., 2019). 
Sustainable agricultural management practices are required to enhance 
and maintain productivity while reducing the reliance on synthetic 
inputs (Kleijn et al., 2019). Further, these practices may be increasingly 
important under the conditions of  climate change that may cause a 
warmer winter period with higher precipitation, leading to increased 
nutrient leaching and water erosion of  the fields without vegetation 
(Iivonen et al., 2017; Peltonen-Sainio, 2018). Replacing fallow periods 
with cover crops (CC) (also referred as catch crops) is recognized as an 
effective strategy that provides several agronomic and environmental 
benefits, including protecting the soil from loss of  N and other nutrients 
and improving the nutrition of  subsequent (cash) crop (Dabney et al., 
2001; Zandvakili et al., 2017; Wittwer et al., 2017; Sharma et al., 2018; De 
Notaris et al., 2018; Antosh et al., 2020).
Biomass production potential is an important determinant of  CC 
selection because it is positively correlated with provided ecosystem 
services, including N accumulation (Finney et al., 2016; Ruis et al., 2019; 
Antosh et al., 2020). Biomass yield depends on CC species, soil and 
weather conditions, and the length of  the growing season (Lu et al., 
2000). Sowing time as early as possible is important to maximize the 
growing season of  CCs. In northern regions, the late establishment 
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of  CCs can result in insufficient biomass due to low temperature and 
moisture levels (Lawson et al., 2015; Iivonen et al., 2017).
The effect of  CCs on subsequent crop yield can be variable, depending 
on factors such as CC species, biomass production and quality, 
environmental factors and management practices. The N supply 
of  CC to the subsequent cash crop depends greatly on the chemical 
composition of  crop residue and the rate of  N mineralization during 
the residue decomposition (Campiglia et al., 2014). In general, the higher 
concentration of  N and lower carbon (C) to N ratio (C:N) of  legume 
CCs results in greater potential for improving yield, compared to non-
legume CCs (Sainju & Singh, 1997; Vyn et al., 2000; Kumar & Goh, 
2002; Campiglia et al., 2014; Mancinelli et al., 2019). The decomposition 
of  mature grass CC residues may immobilize N because of  the high 
C:N ratio (Sievers & Cook, 2018). CCs may also have a negative effect 
on the following crop because of  their water consumption, particularly 
in water-limited regions (Martinez-Feria et al., 2016; Handlířová et al., 
2017; Krstić et al., 2018; Meyer et al., 2020).
Although a lot of  research on the effects of  CCs on different regions 
and production systems has been conducted, the integration of  winter 
CCs in Estonian cropping systems is recent. The selection of  CCs for 
a given region requires knowledge to integrate suitable species into 
Estonian cropping systems to improve the economic and environmental 
sustainability of  agricultural production, which is also the objective of  
Green Deal strategy set forth by the European Commission (European 
Commission 2020). This thesis aims to investigate the suitability of  the 
winter CCs regarding biomass and N accumulation and their effects on 
the yield of  subsequent spring barley.
Novelty of  this research:
The selection of  different CC species to use as cover crops, their winter 
hardiness, biomass production, N accumulation and the effect on yield 
of  subsequent cereal.
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2. REVIEW OF LITERATURE
2.1. Winter cover crops
Cover crops are integrated to the cropping system during periods 
between production of  cash crops with the major goal of  protecting soil 
from losses of  N and other nutrients, and improve their availability for 
the following cash crop (Sarrantonio & Gallandt, 2003; Plaza-Bonilla et 
al., 2015; Sharma et al., 2018). In addition, CCs are reported to provide 
many other benefits to agroecosystems such as suppressing weeds 
(Schultz et al., 2013; Brust et al., 2014; Cordeau et al., 2015; Jabran et al., 
2015; Madsen et al., 2016) and pests (Sarwar et al. 1998; Smolinska & 
Horbowicz 1999; Larkin & Griffin, 2007), attracting pollinators and other 
beneficial insects (Nicholls & Altieri, 2013), enhancing soil microbial 
population (Kim et al., 2020), soil physical and chemical properties (Liu 
et al., 2005), C sequestration and mitigation of  greenhouse gas emissions 
(Poeplau & Don, 2015; Kaye & Quemada, 2017; Tribouillois et al., 2018). 
In temperate regions, a CC established following the main crop harvest 
in late summer or early fall and terminated into the soil in the spring 
is considered a winter CC (Weil & Kremen, 2007; Justes et al., 2012). 
Overwintering species protect the soil during winter and accumulate 
additional biomass and N in the following spring. CCs that are frost 
sensitive and accumulate a high amount of  biomass and N before being 
destroyed by frost provide possibilities for CC use in reduced tillage 
or no-tillage organic farming systems, eliminating the need for CC 
termination with tillage or chemicals (Lawley et al., 2011; 2012; Hashemi 
et al., 2013; Storr et al., 2020). However, the disadvantage of  winter-killed 
species is that N may mineralize in their decomposing residues during 
winter and early spring in the high leaching risk conditions (White et al., 
2017; Gollner et al., 2020).
In addition to high biomass production ability, CCs have to be suitable 
for the rotation, not serve as hosts for cash crop disease pathogens, 
be easily terminated and economically rational (Adetunji et al., 2020). 
CC species are selected based on their adaption to local environmental 
conditions and the targeted agro-ecological functions (Bodner et al., 
2010). Legume (Leguminosae) CCs are generally used for their biological 
N fixation ability (Gselman & Kramberger, 2008; Büchi et al., 2015), 
rapid mineralization, and release of  N to the subsequent crop (Dabney 
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et al., 2001; Acharya et al., 2019), thus reducing the need for external 
N fertilizer inputs (Campiglia et al., 2014; De Notaris et al., 2018; 
Zhou et al., 2019). While non-legumes, such as grass (Graminaceae) and 
brassica (Brassicaceae) species, are more effective at scavenging soil N and 
preventing nitrate leaching (Tosti et al., 2012; Tuulos et al., 2014).
2.2. Cover crop species used in the study
Winter turnip rape (Brassica rapa spp. oleifera L.) and winter rye (Secale cereale 
L.) are commonly used cash crops in Estonia and have been included in 
experiments as winter CCs recently (Madsen et al., 2016). Winter turnip 
rape is a winter hardy brassica CC that is effective for scavenging mineral 
N at low temperatures (Tuulos et al., 2014). Winter rye is widely used 
grass CC species because of  its ability to germinate at low temperatures 
and tolerance to harsh winter conditions (Sarrantonio & Gallandt, 2003; 
Marcillo et al., 2019). It has a fibrous root system, accumulates high 
amount of  soil N, increases soil organic matter content and is a good 
weed suppressor (Ruffo & Bollero, 2003; Hill et al., 2016; Appelgate et 
al., 2017).
The other species forage radish (Raphanus sativus L. var. longipinnatus), 
hairy vetch (Vicia villosa Roth), and berseem clover (Trifolium alexandrinum 
L.) were included in the study because these are used worldwide. 
Forage radish is a brassica species that grows rapidly in fall producing 
a large taproot. It is winter-killed at air temperature below -4 °C, thus 
leaving the weed and residue free seedbed by the following spring 
without the use of  chemical termination or tillage (Williams & Weil, 
2004; Dean & Weil, 2009; White & Weil, 2010; Lawley et al., 2011, 2012; 
Wang et al., 2019).
Annual legume species hairy vetch and berseem clover are used as CCs 
because of  their high biomass and N fixation ability. Hairy vetch has 
shown to be frost tolerant CC in many northern regions (Teasdale et 
al., 2004; Brandsæter et al., 2008; Mirsky et al., 2017), whereas berseem 
clover has poor winter hardiness and therefore it is used as winter-killed 
annual in colder regions (Lu et al., 2000; Clark et al., 2012; Anderson, 
2017).
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2.3. The effect of  sowing date on cover crop biomass and 
nitrogen accumulation
The provision of  ecosystem services is highly dependent on CC biomass 
production (Antosh et al., 2020; Finney et al., 2016; Ruis et al., 2019). 
This is in turn affected by the species, sowing and termination time, 
soil characteristics, and weather conditions during the growing period 
(Lu et al., 2000; Teasdale et al., 2004; Lawson et al., 2015; Mirsky et al., 
2017; Zhou et al., 2019). Delayed sowing can result in a rapid reduction 
in N accumulation and therefore higher N loss through leaching 
(Hashemi et al., 2013). Moreover, it causes the reduction of  rooting 
depth and N uptake from deeper soil layers (Thorup-Kristensen et al., 
2003). Generally, legumes and brassicas tend to be more susceptible to 
delayed sowing, compared to grass species (Thorup-Kristensen et al., 
2003; Gselman & Kramberger, 2008; Van Eerd, 2018; Zhou et al., 2019: 
Akbari et al., 2020). 
Biomass production of  over-wintering CCs is also affected by the time 
of  termination (Ruffo & Bollero, 2003; Marcillo & Miguez, 2017), as later 
termination may partially compensate the growth lost by delayed sowing 
(Lawson et al., 2015; Mirsky et al., 2017; Teasdale et al., 2004). However, 
delaying the termination date of  grass CCs may decrease residue N 
concentration, increase hemicellulose and lignin concentrations and C:N 
ratios, resulting in N immobilization (Lawson et al., 2015). 
2.4. The effect of  cover crops on the yield of  the following cash 
crop
Cover crops can improve crop production through soil water storage and 
availability, suppression of  weeds, diseases and pests, and enhancement 
of  soil quality (Fageria et al., 2005; Thapa et al., 2018). However, the 
influence of  CCs on subsequent crop yield is mainly attributed to N 
availability (Fageria et al., 2005; Parr et al., 2011; Acharya et al., 2019).
The ability of  CCs to provide N retention and supply has been 
extensively evaluated, while the results have shown a high level of  
variability, depending on region, soil type, CC species, the length of  the 
growing season, production system, and succeeding main crop (Ruffo & 
Bollero 2003; Blanco-Canqui et al., 2015; Wittwer e al., 2017; Marcillo 
& Miguez., 2017; Ruis et al., 2019). Effective N contribution of  a CC 
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depends on the synchrony between N mineralization of  CC and the 
demand of  subsequent crop (Lawson et al., 2013).
The benefits of  legume CCs have shown to increase with the higher 
amount of  biomass (Lawson et al., 2015; Mirsky et al., 2017; Spargo 
et al., 2016; Teasdale et al., 2004). In northern climate, late termination 
of  legume CC is often recommended allowing higher N accumulation 
in the biomass and better synchronization of  the N uptake by the 
subsequent crop (Lawson et al., 2015; Mirsky et al., 2017). Although the 
low C:N ratio is maintained longer in legume species compared to non-
legumes (Lawson et al., 2015), very late CC termination can reduce the 
yield potential of  the following crop, particularly at northern latitudes, 
due to a shorter growing season (Mirsky et al., 2017). Moreover, late 
termination may also cause the risk of  some species, such as hairy 
vetch, becoming weedy in subsequent crops because of  seed dormancy 
(Mirsky et al., 2017), incomplete kill, and regrowth in reduced tillage 
systems (Hayden et al., 2015). 
In conditions of  high spring rainfall and soil with low water retention, 
rapid mineralization because of  low C:N ratio of  legume species can lead 
to nitrate leaching, and therefore the CC termination must be adapted 
to the sowing date of  the following crop (Tosti et al., 2014; Sievers & 
Cook, 2018). Rapid decomposition of  legume CC residues may also lead 
to losses of  N as emissions of  nitrous oxide (N2O) (Basche et al., 2014). 
When the following crop is sown later, no-till strategy is preferable in 
order to slow down the mineralization process and reduce the risks of  
N loss (Radicetti et al., 2016).
Deep rooted brassica CC species, such as forage radish and winter turnip 
rape, have a rapid growth and great potential to capture large amounts 
of  residual N from deeper soil layers, providing sufficient N to cash crop 
(Williams & Weil, 2004; Wang et al., 2008; Tuulos et al., 2014; Jahanzad 
et al., 2017). The improvement of  cash crop yield with brassica CCs have 
also been associated with suppressive biofumigation effect to soilborne 
pests and pathogens caused by glucosinolate compounds in their tissues 
(Larkin & Griffin, 2007; Cottney et al., 2020). Winter-killed forage radish 
leaves deep root channels that can contribute to subsequent crop growth 
(Laweley et al., 2011; Wang et al., 2019). However, depending on the soil 
type and weather conditions in spring, there is a risk of  N leaching in 
case of  winter-killed CCs, although this can be reduced by establishing 
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subsequent crop early in the spring (Storr et al., 2020; Dean & Weil, 
2009; White et al., 2017).
The effect of  grass CC species have shown to be variable depending on 
the amount of  biomass, termination time and the type of  succeeding 
crop (Blanco-Canqui et al., 2015; Pantoja et al., 2015). Grass CCs 
usually have higher C:N ratios than legume and brassica species, while 
it depends on plant physical characteristics and chemical composition 
at the time of  termination (Poffenbarger et al., 2015). Rye has higher N 
concentration and low C:N ratio when termination occurs in vegetative 
growth stage early in the spring (Reiter et al., 2008), while the C:N ratio 
increases with plant maturity and may lead to N immobilization and 
reduction of  N availability to the following crop (Dabney et al., 2001; 
Hill et al., 2016; Reiter et al., 2008; Martinez Feria 2016, Pantoja et al., 
2015; Sievers & Cook, 2018). Early spring termination of  grass CC may 
decrease the negative effect on yield while limiting the positive effects on 
erosion control and increasing soil organic C inputs (Reiter et al., 2008, 
Pantoja et al., 2015). Additionally, grass winter CC species have shown to 
reduce the yield of  the cash crop because of  the well-developed fibrous 
root system and high water consumption which occurs generally in dry 
regions or during dry years (Handlířová et al., 2017; Kristic et al., 2018).
To avoid the negative impacts of  CCs on grain yield, using mixtures 
of  legume and non-legume species has been proposed as a solution to 
enhance N management with CCs. It is due to the combined benefits 
of  the species, more beneficial C:N ratio and better synchrony of  N 
release with N demand of  the succeeding cash crop (Poffenbarger et 
al., 2015; Lawson et al., 2015; Tribouillois et al., 2016; Abdalla et al., 
2019). Furthermore, continuous cover cropping increases the level of  
soil organic matter, therefore enhancing soil physical, chemical and 
biological properties and leading to improved soil health and yield of  
the cash crops (Fageria et al., 2005; Doltra & Olesen, 2013; Bogužas et 
al., 2015; Büchi et al., 2018; Mancinelli et al., 2019).
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3. AIMS AND HYPOTHESES OF THE STUDY
Winter CCs are used in many regions in the world, but it is a relatively 
new practice in Estonia. To integrate winter CCs into Estonian crop 
rotations, region-specific information about their performance is needed. 
The main aims of  the thesis were:
To assess the potential of different winter CC species to accumulate 
biomass and N (I).
To test winter hardiness of hairy vetch for Estonian climatic conditions 
(I).
To examine the effect of sowing date on biomass and N accumulation 
of CCs (II).
To evaluate the effect of CCs on the yield of subsequent spring barley 
(III).
Hypotheses:
CC biomass and N accumulation depend on species and sowing date.
Forage radish, hairy vetch, berseem clover, winter turnip rape and winter 
rye as winter CCs accumulate high biomass and N.
Hairy vetch has winter hardiness comparable to winter turnip rape and 
winter rye. 
Frost sensitive forage radish and berseem clover accumulate high amount 
of biomass and N before winter-killed.
CCs increase the yield of the following spring barley.
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4. MATERIALS AND METHODS
4.1. Experimental site, design and subjects
The research was carried out at the Estonian Crop Research Institute, 
Jõgeva (58° 44′ 59.41′′ N, 26°24′ 54.02′′ E) during three growing seasons 
(2016–2017; 2017–2018 and 2018–2019). The soil of  the experimental 
site is classified as Cambic Phaeozem (Loamic) (IUSS 2015). The soil 
characteristics on average were as follows: pHKCl 6.5, P 102 mg kg
-1, K 
188 mg kg-1, Corg 1.9% and Ntot 0.14%. The trial, CCs and barley that 
followed (Hordeum vulgare L.) were managed without synthetic fertilizers 
and pesticides. The CCs were sown after winter wheat (Triticum aestivum 
L.) harvest on 3 August in 2016. In 2017 and 2018, CCs were sown on 
3, 8, 14 and 18 August and 3, 8, 13, and 17 August, respectively. After 
disc-harrowing, CCs were sown with plot seed drill (row spacing 12.5 
cm) to 4 × 6 m plots that were arranged in a randomized complete block 
design with four replications. Seeding rates for the CC were 10 kg ha-1 
for forage radish (Tillage radish®) and winter turnip rape (cv. ‘Largo’), 
50 kg ha-1 for hairy vetch (cv. ‘Villana’), 15 kg ha-1 for berseem clover (cv. 
‘Akenaton’), 180 kg ha-1 for winter rye (cv. ‘Sangaste’). The control plot 
without CC was also included in the experiment.
4.2. Sampling, measurements and analyses
Cover crop above- and below-ground biomass samples were collected 
from 1 m2 area in each plot at the end of  October prior to frosts. The 
biomass of  the over-wintered species (winter rye, winter turnip rape, 
and hairy vetch) was measured twice: in autumn and in the following 
spring before incorporating the CCs into the soil (on 4 May in 2017 and 
7 May in 2018 and 2019, respectively), prior to the establishment of  
spring barley. The autumn and spring biomass is considered separately 
throughout the study.
The above-ground biomass was cut at the ground level and to measure 
the below-ground biomass, the soil within the squares was dug to a 
depth of  25 cm, and the roots were washed out of  the soil on a sieve. 
Forage radish was collected by digging the whole plants from the soil, 
roots and shoots were separated and washed free from soil.
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Cover crop biomass was incorporated into the soil by ploughing in the 
following spring, prior to the sowing of  spring barley as a cash crop (cv. 
‘Maali’, at 400 seeds m2). Barley was harvested at physiological maturity 
with a plot combine (on 30 August 2017, 6 August 2018 and 15 August 
2019). The grain yield of  dried and cleaned seeds was standardized to 
14% moisture level and expressed as kg ha−1.
For CC biomass dry matter (DM) accumulation, plant samples were 
oven-dried to a constant weight at 65 °C, weighed and expressed as 
kg ha-1. The biomass samples were milled for elemental analysis. The 
total N and C concentration in plant samples was analyzed by the 
Dumas Combustion method on a VarioMAX CNS elemental analyser 
(Elementar, Germany) in Soil Science and Agrochemistry laboratory at 
Estonian University of  Life Sciences.
4.3. Weather conditions
The average air temperature during the CC main growing period from 
August until the end of  October was similar in 2016 and 2017 (10.5 
and 10.8 °C, respectively) and higher in 2018 (12.7 °C), compared to 
the long-term average (LTA) (10.4 °C) of  these months. The sum of  
effective air temperatures (> +5 °C) (ETS) from August until the end of  
October was 566, 597, and 747 °C in 2016, 2017 and 2018, respectively. 
The LTA amount of  precipitation from August until the end of  October 
(74 mm) was similar to 2018 (75 mm) and higher in 2016 (84 mm) and 
2017 (92 mm). In 2018, the soil was extremely dry at CC establishment 
because of  very low amount of  precipitation in July (15 mm), compared 
to the LTA of  this month (79 mm). Rainfall in late autumn compensated 
the lack of  soil moisture, since the average amount of  precipitation by 
the end of  October (75 mm) was similar to the LTA.
The average temperature during the main growing period in April was 
lower in 2017 (2.8 °C) and higher in 2018 and 2019 (6.2 and 6.6 °C, 
respectively) than the LTA average of  this month (3.8 °C). ETS from 
March until the CC termination was 40, 113, and 127 °C in 2017, 2018 
and 2019, respectively. Precipitation in April 2017 (51 mm) was above 
the LTA (36 mm); it was somewhat lower than the average in 2018 (21 
mm) and significantly lower in 2019 (4 mm). 
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4.4. Statistical analyses
One-way analysis of  variance (ANOVA) was used to test the differences 
of  all measured characteristics within trial years in I–III and thesis. 
Two-way ANOVA was used to determine the effects of  CC species, year 
and their interactions on measured characteristics in 2016/17–2017/18 
(I) and in 2016/17–2018/19 (thesis). To test the effect of  CC species, 
sowing date and their interaction on biomass and N accumulation of  
CCs, analysis of  two-way variance (ANOVA) was performed (II). 
Two-way ANOVA was used also to study the effect of  CC, year and 
their interactions on the yield of  spring barley in 2017–2018 (III) and 
2017–2019 (thesis). The significance of  differences between individual 
characteristics were calculated using the post hoc Fisher’s Least 
Significant Difference (LSD) test for all trials. Statistical analyses were 
carried out using the statistical software package Agrobase (Agronomix 
Software, Inc., Winnipeg, Manitoba, CA, USA).
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5. RESULTS
5.1. Biomass and N accumulation of  cover crops at the earliest 
sowing date (I)
5.1.1. Biomass and N accumulation at the earliest sowing date in 
autumn of  2016–2018
According to the ANOVA results, the variation in biomass yield and 
N accumulation was significantly influenced by species, years and their 
interaction in autumn (p < 0.001). In 2016, the total biomass and N 
accumulation were lower than in 2017 and 2018. Berseem clover that 
had the lowest values in 2018 instead was an exception in that respect. 
The highest autumn total biomass and N accumulation in all trial 
years were measured in forage radish (2515–3841 and 69–126 kg ha-1, 
respectively) (Table 1). Forage radish also had the highest below ground 
biomass (1406–1857 kg ha-1) and proportion of  roots, accounting for 
45–56% of  the total DM. The other brassica species, winter turnip rape, 
accumulated lower total biomass and N (1169–2178 and 29–74 kg ha-1, 
respectively), with the root percentage of  25–35%.
Table 1. The biomass accumulation (DM kg ha-1), amount of  nitrogen (kg ha-1) 
and C:N ratio of  cover crops in autumn of  2016–2018. Mean values with different 
lowercase letters (as an average of  each trial year), capital letters (as an average of  all 
the years) and numbers (as an average of  species) are significantly different (p < 0.05; 
ANOVA, Fisher LSD test).
 Biomass Nitrogen         C:N ratio





 ground ground ground




758c 411b 1169c 21d 8b 29c 15 21 16
Forage 
radish 1109
b 1406a 2515a 37b 32a 69a 12 18 14




a 184d 1415b 30c 3c 33c 17 26 18
Hairy 
vetch 1110
b 312c 1422b 42a 10b 52b 11 12 11




1308bc 444b 1752b 50b 13b 63b 10 12 11
Forage 
radish 1984
a 1857a 3841a 65a 37a 102a 12 19 14
Winter rye 748d 440b 1188d 23d 5c 28e 13 37 17
Berseem 
clover 1320
b 236c 1556bc 39c 4c 42d 14 29 15
Hairy 
vetch 1084
c 278c 1362cd 45bc 8c 53c 10 14 10




1524c 654b 2178b 56c 18b 74c 11 14 12
Forage 
radish 1976
a 1605a 3581a 81b 45a 126a 9 14 11
Winter rye 993d 493c 1486c 29d 7d 36d 14 26 16
Berseem 
clover 687
e 133d 820d 23d 3e 26e 12 17 12
Hairy 
vetch 1801
b 443c 2244b 90a 12c 102b 9 15 9




1197C 503B 1700B 42B 13B 56C 12 16 13
Forage 
radish 1690
A 1623A 3313A 61A 38A 99A 11 17 13
Winter rye 742E 372C 1114e 22D 5D 27E 14 31 17
Berseem 
clover 1079
D 184D 1263d 31C 3E 34D 14 24 15
Hairy 
vetch 1332
B 344C 1676c 59A 10C 69B 10 14 10
Average of  species 
2016 9383 4992 14382 293 113 403 14 22 15
2017 12892 6511 19401 442 132 582 12 22 14
2018 13961 6651 20621 561 171 731 11 18 12
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Among legume species, hairy vetch had higher total biomass and 
N accumulation (1362–2244 and 52–102 kg ha-1, respectively) than 
berseem clover (820–1556 and 26–42 kg ha-1). Furthermore, hairy vetch 
had greater proportion of  roots (20–22%) compared to berseem clover 
(13–16%). Winter rye accumulated the lowest total biomass and N 
(667–1486 and 16–36 kg ha-1, respectively) with 27–37% of  biomass 
consisting of  roots.
5.1.2. Biomass and N accumulation of  cover crops at the earliest 
sowing date in following springs of  2017–2019
Hairy vetch, winter turnip rape and winter rye overwintered well in 
both trial years. Berseem clover was killed by the first frosts in autumn, 
whereas forage radish was more cold tolerant and decomposed by the 
end of  April. ANOVA results showed significant differences in biomass 
and accumulated N between species and trial years (p < 0.001). The 
interaction of  these characteristics remained non-significant for biomass, 
but was significant for accumulated N (p < 0.01).
Hairy vetch accumulated the highest spring biomass and N in all trial 
years (1731–3231 and 62–112 kg ha-1, respectively) (Table 2), while it had 
lower amount of  roots (19–25%) compared to winter rye and winter 
turnip rape (34–37 and 36–44%, respectively).
Table 2. The biomass accumulation (DM kg ha-1), amount of  nitrogen (kg ha-1) and 
C:N ratio of  cover crops in spring of  2017–2019. Mean values with different lowercase 
letters (as average of  each trial year), capital letters (as average of  all the years) and 
numbers (as average of  species) are significantly different (p < 0.05; ANOVA, Fisher 
LSD test).
 Biomass Nitrogen C:N ratio
 above below total above below total above below total
 ground ground ground
2017          
Winter rye 635b 374b 1009b 25b 6c 31c 11 25 14
Winter turnip 
rape 861
b 670a 1531a 34b 13b 48b 10 20 13
Hairy vetch 1300a 430b 1731a 47a 16a 62a 11 11 11
23
2018       
Winter rye 1361b 725b 2086c 42b 8b 50c 14 35 17
Winter turnip 
rape 1474
b 898a 2372b 43b 19a 62b 14 19 16
Hairy vetch 2058a 631b 2689a 65a 18a 83a 13 14 13
2019       
Winter rye 1554c 796b 2350b 48c 10b 58c 13 32 17
Winter turnip 
rape 1998
b 1125a 3123a 60b 21a 81b 14 22 16
Hairy vetch 2615a 616b 3231a 99a 12b 111a 10 20 11
Average of  years (2017–2019) 
Winter rye 1183C 632B 1815C 38C 9C 47C 13 30 16
Winter turnip 
rape 1445
B 898A 2342B 46B 18AB 64B 13 20 15
Hairy vetch 1991A 560B 2550A 70A 15B 86A 11 15 12
Average of  species 
2017 9323 491 2 1424 3 35 3 12 2 47 3 11 19 13
2018 16312 751 1 2382 2 50 2 16 1 65 2 13 23 15
2019 20561 8461 2901 1 69 1 15 1 84 1 12 24 15
The biomass and N accumulated by winter turnip rape was 1531–3123 
and 48–81 kg ha-1, respectively. Winter rye had the lowest average spring 
biomass and N (1009–2350 and 31–59 kg ha-1, respectively). 
In the spring of  2017, biomass was 300–360 kg ha-1 higher compared 
to the previous autumn. In 2018 it increased from 620 kg ha-1 (winter 
turnip rape) to 1327 kg ha-1 (hairy vetch) and in 2019 from 864 (winter 
rye) to 987 kg ha-1 (hairy vetch). The N accumulation in spring was 
higher compared to autumn in 2017 from 10 kg ha-1 (hairy vetch) to 19 
kg ha-1 (winter tunip rape). In 2018 it increased from 23 kg ha-1 (hairy 
vetch) to 30 kg ha-1 (winter rye) and in 2019 from 6 kg ha-1 (winter turnip 
rape) to 22 kg ha-1 (winter rye).
5.2. The effect of  sowing date on cover crop biomass and 
nitrogen accumulation (II)
According to ANOVA, there were significant differences in biomass 
and N accumulation by different CC species as an average of  sowing 
dates in both trial years, measured in autumn and spring. In autumn of  
both years, forage radish had the highest biomass and N accumulation 
and berseem clover the lowest. Among the overwintering CC species 
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of  both trial years, winter turnip rape and hairy vetch produced higher 
biomass than the following spring’s winter rye. In both trial years, hairy 
vetch accumulated the highest amount of  N in the following spring (II 
Tables 2–5).
The average biomass and N of  CC species measured in autumn as well 
in spring were significantly affected by the sowing date in both trial years 
(II Tables 2–5). In general, biomass and N decreased at later sowing 
dates. As an exception, there was no significant decrease in the 1st (3 
Aug) and 2nd (8 Aug) sowing date of  the second trial year. 
The variation of  biomass and N depended significantly on the 
interaction between CC species and sowing date in both trial years, 
measured in autumn and spring (II Tables 2–5). According to the 
autumn measurements, the total biomass and N accumulation of  winter 
rye were least affected by the sowing date, varying between 1188 kg ha-1 
(1st sowing date) to 873 kg ha-1 (the last, 4th sowing date) and 28 kg ha-1 
(1st sowing date) to 22 kg ha-1 (last (4th) sowing date) respectively in the 
first trial year and between 1486–1070 and 36–28 kg ha-1, respectively, in 
the second trial year.
The highest decrease of  biomass and N accumulation between the 1st 
and the last (4th) sowing dates in 2017 was found in berseem clover 
(1556–285 kg ha-1 and 42–9 kg ha-1, respectively). In 2018 the highest 
reduction occurred in hairy vetch (2243–1016 kg ha-1 and 102–37 kg 
ha-1, respectively).
Among tested CC species, forage radish accumulated the significantly 
highest amount of  biomass and N in all sowing dates in both trial years 
despite of  considerable reduction of  biomass and N in the delayed 
sowing dates. In the first trial year, the biomass decreased from 3841 
kg ha-1 (1st sowing date) to 1164 kg ha-1 (last (4th) sowing date) and N 
decreased from 103 kg ha-1 (1st sowing date) to 43 kg ha-1 (last (4th) 
sowing date). In the second trial year, the reduction of  biomass was 
from 3581 to 2020 kg ha-1 and the reduction of  N from 126 to 71 kg 
ha-1, respectively.
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According to the spring measurements, overall biomass and N decrease 
caused by delayed sowing were lower than in autumn (II Tables 2–5). 
Among overwintering CC species, winter rye had the lowest overall 
biomass and N decrease due to delayed sowing date. In earlier sowing 
dates, the biomass of  winter rye was lower compared to other species. 
In later sowing dates, however, winter rye’s biomass reached the level of  
biomass from other CCs, except for winter turnip rape which had the 
highest biomass in the variant with most delayed sowing date in spring 
2019.
Hairy vetch accumulated the highest amount of  N across all the sowing 
dates, despite the highest overall decrease in N in case of  delayed sowing. 
As an exception, the amount of  N accumulated by hairy vetch and winter 
turnip rape increased significantly in the 2nd sowing date compared to the 
1st sowing date in the first trial year.
5.3. The effect of  cover crops on the yield of  the following spring 
barley (III)
According to the ANOVA results, the spring barley yield depended 
significantly on CC species (p = 0.022) and year (p < 0.001), but the 
interaction of  the two factors remained nonsignificant. Barley yield 
level was lower in 2018 (2693–3223 kg ha-1) compared to 2017 and 2019 
(3659–3884 kg ha-1 and 3393–3656 kg ha-1, respectively) (Figure 1). In 
2018 forage radish and hairy vetch significantly increased barley yield. 
The differences remained nonsignificant in 2017 and 2019, while there 
was tendency for barley yield to increase in the same variants.
On average over the three years, forage radish and hairy vetch significantly 
increased (289 and 274 kg ha-1, respectively) the yield of  subsequent 
barley. The level of  grain yield of  barley following other CC species 
(winter turnip rape, winter rye, and berseem clover) were similar to the 
control.
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Figure 1. The yield of  spring barley (kg ha-1) in 2017, 2018, and 2019, and the average 
of  these years compared to control (without cover crop). Within years, different 
lowercase letters are significantly different (p < 0.05; ANOVA, Fisher LSD test)
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6. DISCUSSION
6.1. Biomass and N accumulation at the earliest sowing date (I)
6.1.1. Biomass and N accumulation of  cover crops at the earliest 
sowing date in autumns of  2016–2018
Cover crop biomass and N accumulation have shown to be influenced 
mainly on species and the weather conditions in growing season (Talgre 
et al., 2011; Handlířová et al., 2017; De Notaris et al., 2018). In the present 
study, higher ETS from August until the end of  October contributed to 
the higher biomass yield of  all species (except berseem clover) in 2017 
and 2018 compared to 2016.
Forage radish accumulated the highest biomass and N in the current 
study. It can be attributed to the high proportion of  root biomass as 
concluded by many authors (Thorup-Kristensen, 2001; Lawley et 
al., 2011; Wang et al., 2019). The majority of  studies reported high 
biomass of  forage radish, while low biomass (277 kg ha-1) found by 
Iivonen et al. (2017) was apparently caused by allelopathic effect of  
the preceding broccoli crop (Brassica oleracea var. italica L.) that inhibited 
seed germination. Brassica crops are also known to be the hosts of  the 
pathogen Plasmodiphora brassicae, which causes the disease clubroot in 
some brassica species (Howard et al., 2010), suggesting that CC species 
should not belong to the same family with the cash crops in the rotation.
Compared to forage radish, winter turnip rape has generally lower level 
of  biomass and N in autumn as indicated also in our study. However, 
after over-wintering, it is able to regrow and accumulate additional 
biomass and N until termination in spring (Tuulos et al., 2014).
The low biomass of  winter rye found in our experiment has been also 
reported by others (Madsen et al., 2016; Handlířová et al., 2017), whereas 
some studies have found rye to have higher biomass compared to other 
species (Poffenbarger et al., 2015; Hill et al., 2016). In the present study, 
the lowest biomass in 2016 may have been caused by infection of  leaf  
rust (Puccinia recondita). Furthermore, the cultivar (‘Sangaste’) used in the 
experiment has a rather low tillering capacity (Tupits, 2009). However, 
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even with low biomass, rye has shown to be an effective weed suppressor 
(Madsen et al., 2016) that is often related to allelopathic properties 
(Jabran et al., 2015). As grass CCs are sensitive to the lack of  N in the 
soil, the approach to support crop growth and nutrient accumulation is 
the integration of  the manure application with CCs (Singer et al., 2008; 
Hashemi et al., 2013; Thilakarathna et al., 2015; Akbari et al., 2020; 
Cottney et al., 2020).
Due to additional N fixation from the atmosphere, legumes are less 
dependent on soil nutrient availability (Büchi et al., 2018), whilst the 
biomass and N accumulation differs between legume species (Parr et 
al., 2011). In the present experiment, hairy vetch had higher biomass 
and N compared to berseem clover. In 2018 hairy vetch had the greatest 
amount of  biomass of  all the trial years, while berseem clover had the 
lowest. It was probably caused by its susceptibility to drought conditions 
occurring before CC establishment. Due to small tap root, berseem 
clover can be more sensitive to water shortage compared to CCs with 
larger root system (Clark et al., 2012). 
6.1.2. Biomass and N accumulation of  cover crops at the earliest 
sowing date in following springs of  2017–2019
Many factors can reduce plant winter survival, including prolonged 
exposure to low temperatures, waterlogging, ice encasement, soil heaving, 
lack of  snow cover, and plant pathogens (Waalen et al., 2013; Wiering 
et al., 2018). The reduction of  winter survival is especially caused by a 
combination of  such unfavourable conditions when occurring together 
or succeeding each other (Peltonen-Sainio et al., 2011).
Due to their winter hardiness, winter rye and winter turnip rape are 
commonly grown cash crop species in Estonia (Narits et al., 2017; Tupits 
et al., 2020). Winter turnip rape is considered to be more susceptible 
to wind and frost damage than small grain cereals because its apical 
meristem is well above the ground level. However, it is less sensitive to 
damages caused by weather and pests than winter oilseed rape, which 
additionally has hypocotyl partly above ground level (Mäkelä et al., 2011; 
Narits et al., 2017).
Although hairy vetch is considered more winter hardy than other winter 
annual legume species, it may not reliably overwinter in northern regions, 
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depending on sowing time and the developmental stage reached before 
the onset of  winter (Teasdale et al., 2004; Brandsæter et al., 2008; Hayden 
et al., 2015). Overall, the selection of  CC cultivars adapted to the specific 
winter conditions is important (Brandsæter et al., 2008; Waalen et al., 
2013; Van Eerd, 2018; Zhou et al., 2019).
Hairy vetch, winter turnip rape, and winter rye over-wintered at all 
experimental years in our study due to favourable conditions during 
winter. The plants were protected by snow cover in the periods with the 
coldest temperatures (below -20 °C) occurring in January of  2017 and 
2019 and in February of  2018.
Our observation that CC biomass and N accumulation in the spring 
was influenced by the weather conditions in growing period was in 
accordance with other studies (Lawson et al., 2015; Mirsky et al., 2017; 
Van Eerd, 2018; Akbari et al., 2019). The greater autumn biomass and 
the higher ETS in the spring (from March until the CC termination) in 
2018 and 2019 (113 and 127 °C, respectively) compared to 2017 (40 °C) 
resulted in higher final CC biomass and N accumulation.
In the current study, hairy vetch accumulated higher spring biomass and 
N in all trial years, which is in agreement with other studies, showing 
the superior N accumulation of  legume species. For instance, Campiglia 
et al. (2014) found that hairy vetch accumulated over twice as much 
biomass and N (7131 and 340 kg ha-1, respectively) as oilseed rape and 
oat. Caporali et al. (2004) reported that despite the similar amount of  
biomass of  hairy vetch and ryegrass, hairy vetch accumulated significantly 
higher amount of  N (197 kg ha-1) than ryegrass (56 kg ha-1) due to higher 
N content. 
6.2. The effect of  sowing date on cover crop biomass and 
nitrogen accumulation (II)
The autumnal decrease of  average CC biomass and N accumulation at 
all sowing dates was higher in the first trial year (from 1940 kg ha-1 at 
1st to 710 kg ha-1 at last sowing date, compared to the second trial year 
(from 2062 kg ha-1 at the 1st sowing date to 1156 kg ha-1 at the last sowing 
date. The main reason for lower biomass and N accumulation in 2017 
was probably the sowing dates’ lower ETS (574, 515, 438 and 393 °C), 
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compared to the next year’s sowing dates’ ETS (706, 633, 577 and 513 
°C).
The biomass and N accumulation of  CCs in general decreased due to 
delayed sowing. Due to insufficient precipitation during CC establishment 
in the second trial year, CCs sown on 1st (3 Aug) and 2nd (8 Aug) sowing 
date emerged at the same time and accumulated similar amount of  
biomass and N. In current study, the influence of  sowing date on tested 
species was different, as found by several authors (Thorup-Kristensen 
et al., 2003; Gselman & Kramberger, 2008; Van Eerd, 2018; Zhou et al., 
2019: Akbari et al., 2020). Autumn measurements indicated that forage 
radish accumulated the highest amount of  biomass and N in case of  
all sowing dates, despite considerable decrease (up to 70 and 58% by 
the last sowing date in 2017 and 2018, respectively). Brassica species 
are reported to have high biomass due to rapid emergence (Brust et al., 
2014). Like forage radish, commonly used CC in Estonia, white mustard 
has shown higher biomass production, compared to many other species 
in case of  delayed sowing (Toom et al., 2019). Forage radish has more 
extensive root system (Brust et al., 2014) that ensures sufficient water 
and nutrient uptake for CC growth (Bodner et al., 2010), and plants with 
deep roots are able to scavenge N from deeper soil layers (Sapkota et 
al., 2012).
The lowest biomass and N accumulation of  berseem clover in the current 
study was probably caused by susceptibility to cooler temperatures and 
also drought conditions that occurred during crop establishment in 
the second trial year. In accordance with our observations, Anderson 
(2017) found berseem clover to be sensitive to drought, suggesting that 
for reduced or no-tillage management systems in which winter-killed 
CC species are advantageous, the legume species with higher biomass 
production capacity and drought tolerance should be selected. For 
instance, other annual clovers such as crimson clover (Trifolium incarnatum) 
or Persian clover (Trifolium resupinatum) (Mueller & Thorup-Kristensen, 
2001). Faba bean and field pea have also shown high biomass and N 
accumulation in Northern climate (Etemadi et al., 2018; Toom et al., 
2019). Previous studies conducted in Estonia indicate that spring sown 
berseem clover can accumulate high amount of  biomass and N, thus 
being suitable pre-crop to winter cereals (Tamm et al., 2016).
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The present study showed that although winter rye had relatively low 
biomass and N accumulation, it was least affected by the delayed sowing 
dates. According to autumn measurements the biomass and N of  winter 
rye decreased up to 28 and 22%, respectively by the last sowing date. 
Van Eerd (2018) and Zhou et al. (2019) also found that rye had lowest 
biomass decrease, compared to other species in case of  delayed sowing.
Among overwintering species, the biomass and accumulated N of  winter 
rye decreased the least due to delayed sowing dates (up to 21 and 26%, 
respectively) in the spring. Despite considerable decrease (up to 39 and 
42%, respectively), hairy vetch accumulated the highest amount of  N 
across all sowing dates in the spring. 
6.3. The effect of  cover crops on the yield of  the following spring 
barley (III)
The grain yield of  barley increased significantly after hairy vetch and 
forage radish in 2018 when the overall yield level was lowest due to 
drought conditions and as an average of  three trial years (2017–2019). 
However, there was a tendency of  yield increase after same species also in 
other trial years, while the extra yields of  barley remained nonsignificant 
compared to control. Accordingly, Madsen et al. (2016) found that 
the effect of  green manures was highest in unfavourable, dry weather 
conditions; that could be associated with the increased water-holding 
capacity in the soil caused by CCs (Hill et al., 2016).
The evidence that the positive effect of  the CCs depends on the quantity 
and quality of  biomass was confirmed in the present study, in which 
forage radish and hairy vetch accumulated the highest biomass and N in 
autumn and spring, respectively. 
Numerous experiments have indicated that N fixing legumes with high 
residue quality have a positive effect on the following crop (Kumar 
& Goh, 2002; Van Eerd, 2018; Akbari et al., 2019; Yang et al., 2019; 
Carciochi et al., 2021; Ghahremani et al., 2021). For example, a study 
by Kumar & Goh (2002) observed higher grain yield of  the succeeding 
winter wheat with leguminous CCs being white clover and field pea that 
provided more N (223 and 141 kg ha-1, respectively), than with non-
leguminous ryegrass and wheat as CCs (64 and 72 kg ha-1, respectively). 
Yang et al. (2019) reported that hairy vetch and red clover accumulated 
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240 and 199 kg ha-1 N and provided similar corn grain yields as 
conventional control with synthetic fertilizers and more than organic 
control without CCs. In a no-tillage management systems, Teasdale et 
al. (2004) suggest that hairy vetch biomass production of  at least 4000 
kg ha-1 is required to supply a sufficient amount of  N for corn and 
tomato. Spargo et al. (2016) showed that hairy vetch provided higher 
corn yield when over 4000 kg ha-1 biomass was produced. Parr et al. 
(2011) found in the no-tillage organic farming system that the highest 
corn yields were achieved when hairy vetch biomass exceeded 4500 kg 
ha-1. The previously mentioned biomass values were higher than those 
we observed, probably because of  more favourable growing conditions 
and later termination, compared to our study. In Estonia, the later 
termination time for CCs to accumulate more biomass and N could also 
be possible in the case of  later planted cash crop (e.g. vegetables), while 
is not an option in cereal production.
In agreement with our results, many studies reported the positive effect 
of  forage radish on the yield of  different cash crops, such as soybean 
(Weil & Kremen et al., 2006), silage corn (Wang et al., 2019), potato 
(Jahanzad et al., 2017) and barley (Sapkota et al., 2012; Munkholm & 
Hansen, 2012). Rutan & Steinke (2019) found that winter-killed forage 
radish and oat CCs sequestered effectively soil nitrate in the autumn, 
whereas quickly decomposed CC residues were not synchronized with 
N availability for cash crop. It is not known how much N from forage 
radish remained available to the barley in our study because N loss was 
not measured. 
In the current experiment, all CCs including rye had a narrow C:N 
ratio (9–18:1) at the time of  termination, which is reported to reduce 
the potential for N immobilization (Dabney et al., 2001; Lawson et al., 
2013). Similarly to our study, Jahanzad et al. (2017) found no negative 
effect of  rye CC on the following crop (potato) due to early termination 
and therefore low biomass of  rye. While many studies have shown 
that usually grass CCs are not a significant source of  available N for 
subsequent cash crops and may even cause yield reduction. For instance, 
Sigdel & Chatterjee (2020) found in a pot experiment that rye CC had 
a negative effect on subsequent spring wheat yield, possibly because of  
the high C:N ratio that caused N immobilization and also because of  
the allelopathic effect. In the same study, legume species Austrian pea 
showed efficient N recycling and increased wheat yield. Pantoja et al. 
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(2015) reported that rye CC did not affect soybean yield, whereas it 
caused a 6% reduction in corn yield. Hill et al. (2016) reported that the 
negative impact of  rye CC on following dry bean increased with higher 
rye biomass and C:N ratio. While Basche et al. (2016) observed that 
the long-term use of  a winter rye CC improved soil physical properties 
without negatively affecting yields in maize-soybean crop rotations.
The present short-term study indicates that CCs had no negative effect 
on cash crop in Estonian conditions and some species even caused a 
yield increase. However, the rather low effect of  CCs on barley yield in 
our study indicates the need for long-term use of  CCs, which leads to 
improved soil properties including higher soil organic matter formation 
(Kauer et al., 2015). Furthermore, the inclusion of  other nutrient 
sources in the low input system should be used. For instance, it has 
been shown that combining CCs with other organic amendments such 
as animal manure can contribute to the yield increase of  the following 
crop (Doltra & Olesen, 2013; Madsen et al., 2016). Moreover, the use 
of  CCs in combination with reduced or no-tillage practices is more 
efficient in increasing soil organic matter content, leading to increased 
crop productivity in the long-term as stated by Bogužas et al (2015).
34
CONCLUSIONS
Cover crop biomass and N accumulation depended on species and 
growing conditions. In autumn, all species except berseem clover 
accumulated higher biomass and N in 2017 and 2018 compared to 2016. 
Frost sensitive forage radish accumulated the highest amount of  biomass 
and N in autumn, whereas berseem clover accumulated low amount of  
biomass and N, especially in the year with drought conditions before the 
establishment.
As hypothesized, hairy vetch over-wintered similarly to winter turnip 
rape and winter rye in all trial years. In this study, hairy vetch and winter 
turnip rape accumulated higher amount of  biomass and N in the spring 
than winter rye, which may be partly related to characteristics of  the 
used winter rye variety.
Cover crop biomass and N accumulation decreased with delayed sowing 
dates, while the influence of  sowing date on cover crop species was 
different. Forage radish produced the highest amount of  biomass and 
N at all sowing dates. Although the biomass of  rye was relatively low, 
the reduction at delayed sowing dates was lowest compared to other 
species. Among over-wintering CCs, hairy vetch as a legume species 
accumulated the highest amount of  N in the spring. It can be concluded 
that in Estonia, CCs require sowing in early August to enable maximum 
biomass and N accumulation. It is possible to delay the sowing of  over-
wintering species if  the following cash crop is sown later. 
The results partly provide support for the hypothesis that CCs have a 
positive effect on the yield of  subsequent barley. As an average over the 
three years, only forage radish and hairy vetch significantly increased 
the yield of  subsequent barley, probably because of  the N contribution. 
None of  the CCs had negative effect on barley, as the yield level following 
winter turnip rape, winter rye, and berseem clover were similar to the 
control.
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Issues requiring further research
Compared to monocultures, mixture of  CC species could provide 
enhanced ecosystem services such as producing higher biomass, 
providing more effective nitrate leaching and improved N supply to the 
subsequent crop. Therefore, further studies should include CC mixtures. 
The CC biomass production and N supply to a following cash crop is 
influenced not only by sowing, but also the termination time. Continued 
research is necessary to determine how termination timing affects CC 
biomass and nutrient accumulation. It would be also useful to study how 
different sowing and termination times of  CCs affect the yield of  the 
following crop.
Part of  the N accumulated by CCs may be lost by leaching or volatilization. 
Thus, additional research is essential to determine the level of  N loss.
Since no-tillage and reduced tillage farming systems are getting more 
popular, continued research is needed to evaluate CC management 
under these conditions.
The application of  manure or other fertilizers could be a valuable 
strategy to increase CC biomass and nutrient accumulation.
The present study evaluated short term effect of  CCs on the cash 
crop yield. Improvement of  soil quality, primarily soil organic matter 
content is a long-term process. CC impacts on the cash crop yield can 
be measurable in the long term, therefore long-term studies with CCs 
in the crop rotations are required in order to assess their effects on cash 
crop yield. 
Cost-benefit analyses would be valuable to provide information on the 
economic sustainability of  cover cropping.
36
Application of  the research results
The results of  this research will help promoting CC adoption into 
cropping systems in Estonia and other regions with similar climate to 
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Vahekultuuride biomassi moodustamise ja lämmastiku sidumise 
võime ja mõju järelkultuuri saagile
Intensiivse põllumajandustootmisega kaasneb sageli liigne sünteetiliste 
väetiste ja taimekaitsevahendite kasutamine, mis põhjustab õhu ja vee 
saastumist, kasvuhoonegaaside teket ja bioloogilise mitmekesisuse 
vähenemist (Tilman et al., 2002; Wittwer et al., 2017). Lämmastik (N) 
on taimede kasvuks kõige olulisem toiteelement, mistõttu efektiivne 
taimekasvatus sõltub sageli suurest lämmastikväetiste sisendist (Rütting et 
al., 2018). Põllukultuuride poolt kasutamata jäänud N võib aga leostumise 
või lendumise teel mullast kaduma minna (Robertson & Vitousek, 2009). 
Suurimaks probleemiks on nitraatide leostumine, eriti sügis-talvisel 
perioodil taimkatteta põllul. Sattudes põhjavette, põhjustavad nitraadid 
veekogude eutrofeerumist ja veekvaliteedi halvenemist, kujutades ohtu ka 
inimese tervisele (Daryanto et al., 2017; De Notaris et al., 2018; Acharya 
et al., 2019). Kliimamuutuste tingimustes võib soojem talveperiood ja 
suurem sademete hulk suurendada toitainete leostumist ja taimikuta 
põldude vee-erosiooni (Iivonen et al., 2017; Peltonen-Sainio, 2018). 
Vahekultuuride kasvatamist põhikultuuride vahelisel perioodil 
peetakse efektiivseks agrotehniliseks võtteks, mis tagab pinnakaetuse 
põhikultuurideta perioodil, kaitstes mulda N ja teiste toitainete kao eest 
ning parandades järgneva kultuuri varustatust toitainetega (Dabney 
et al., 2001; Wittwer et al., 2017; De Notaris et al., 2018; Sharma et 
al., 2018; Antosh et al., 2020). Vahekultuurid täidavad lisaks teisigi 
funktsioone: vähendavad umbrohtumust (Schultz et al., 2013; Cordeau 
et al., 2015; Jabran et al., 2015) ja haigustekitajaid (Sarwar et al. 1998; 
Smolinska & Horbowicz 1999; Larkin & Griffin, 2007), soodustavad 
tolmeldajate ja teiste kasulike putukate levikut (Nicholls & Altieri, 2013), 
mulla mikrobioloogilist mitmekesisust (Kim et al., 2020), parandavad 
mulla füüsikalisi ja keemilisi omadusi (Liu et al., 2005) ning soodustavad 
süsiniku sidumist vähendades seeläbi kasvuhoonegaaside teket (Poeplau 
& Don, 2015; Kaye & Quemada, 2017; Tribouillois et al., 2018). 
Mõõduka kliimaga piirkondades käsitletakse talvise vahekultuurina liike, 
mis külvatakse hilissuvel või sügisel pärast põhikultuuri koristust ja viiakse 
mulda kevadel enne põhikultuuri külvi (Weil & Kremen, 2007; Justes et 
al., 2012). Talvituvad liigid tagavad pinnakaetuse sügis-talvisel perioodil ja 
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moodustavad täiendava biomassi ning seovad lämmastikku ka järgneval 
kevadel. Mittetalvituvatest kultuuridest kasutatakse vahekultuuridena 
liike, mis moodustavad sügisel suure biomassi ja lagunevad enne järgmise 
kultuuri külvamist, võimaldades keskkonnasäästlikku kasutamist ka 
otsekülvi tingimustes (Lawley et al., 2011; 2012; Hashemi et al., 2013; 
Storr et al., 2020). Mittetalvituvate vahekultuuride puhul võib nende 
lagunemise tõttu N kadu olla aga tõenäolisem võrreldes talvituvate 
liikidega (White et al., 2017; Gollner et al., 2020). 
Liblikõielised vahekultuurid seovad mügarbakterite abil õhulämmastikku 
(Gselman & Kramberger, 2008; Büchi et al., 2015), nende kitsas 
C:N suhe tagab kiire lagunemise mullas ja kättesaadavuse järgnevale 
kultuurile (Dabney et al., 2001; Acharya et al., 2019), vähendades N 
väetiste kasutamise vajadust (Campiglia et al., 2014; De Notaris et al., 
2018; Zhou et al., 2019). Teised liigid, näiteks kõrrelised ja ristõielised, 
on aga efektiivsemad mulla N sidujad ja leostumise vähendajad (Tosti et 
al., 2012; Tuulos et al., 2014). Vahekultuuride liikide valikul arvestatakse 
eelkõige sobivust kohalikes kliimatingimustes kasvatamiseks (Bodner et 
al., 2010).
Vahekultuuride biomassi moodustamise võimest sõltub nende 
efektiivsus, sealhulgas N sidumise võime (Finney et al., 2016; Ruis et 
al., 2019; Antosh et al., 2020). Biomassi suurus sõltub vahekultuuri 
liigist, mulla- ja ilmastikutingimustest ning kasvuperioodi pikkusest 
(Lu et al., 2000). Põhjamaistes kliimatingimustes on oluline võimalikult 
varajane külviaeg, sest madal temperatuur ja niiskustase võivad biomassi 
vähendada (Lawson et al., 2015; Iivonen et al., 2017).
Vahekultuuride mõju järgneva põhikultuuri saagile võib sõltuda liigist, 
biomassi suurusest ja kvaliteedist, keskkonnateguritest ja kasutatavast 
agrotehnikast. N kättesaadavus järgnevale põhikultuurile sõltub 
peamiselt vahekultuuride keemilisest koostisest ja N mineraliseerumisest 
taimede lagunemisel (Campiglia et al., 2014). Kõrgema N sisalduse ja 
kitsama C:N suhte tõttu on liblikõielistel enamasti suurem positiivne 
mõju järgnevale kultuurile võrreldes teiste liikidega (Sainju & Singh, 
1997; Vyn et al., 2000; Campiglia et al., 2014; Mancinelli et al., 2019). 
Vahekultuuride negatiivne mõju võib avalduda N immobilisatsiooni tõttu 
biomassi lagunemise ajal. See võib olla tingitud liiga laiast C:N suhtest, 
näiteks kõrrelistel vahekultuuridel hilises kasvufaasis (Sievers & Cook, 
2018). Kuivades piirkondades võib negatiivne mõju olla põhjustatud 
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ka vahekultuuride suurest veetarbimisest (Martinez-Feria et al., 2016; 
Handlířová et al., 2017; Krstić et al., 2018; Meyer et al., 2020).
Maailmas on talviste vahekultuuride kasvatamine muutunud järjest 
populaarsemaks, kuid Eesti tingimustes on see vähetuntud praktika. 
Samas võib see olla üheks võimaluseks aidata täita Euroopa komisjoni 
sätestatud Euroopa rohelise kokkuleppe strateegiat, mille põhieesmärgid 
on kliimamuutuste leevendamine ja majanduse keskkonnasäästlikumaks 
muutmine. Eesti tingimustesse sobivate vahekultuuride valikuks on 
vajalikud teadmised erinevate liikide kohta. Uurimistöö eesmärk oli 
uurida sügistalviste vahekultuuride biomassi moodustamise ja lämmastiku 
sidumise võimet ning hinnata vahekultuuride mõju järgnevale suviodra 
saagile.
Doktoritöö eesmärgid
Võrrelda erinevate sügistalvisel perioodil kasvatatavate vahekultuuri 
liikide biomassi moodustamise ja N sidumise võimet (I). 
Välja selgitada taliviki sobivus talvekindlaks vahekultuuriks Eesti 
tingimustes (I).
Hinnata külviaja mõju vahekultuuride biomassile ja N sidumisele (II).
Hinnata vahekultuuride mõju järgneva suviodra saagile (III).
Eesmärkidest lähtuvalt püstitati järgmised hüpoteesid
Kesaredis, talivikk, talirüps, talirukis ja aleksandria ristik on Eesti 
tingimustes suure biomassi ja N sidumise võimega.
Talivikk on sarnaselt talirüpsile ja talirukkile Eesti kliimatingimustes 
talvituv vahekultuur. 
Kesaredis ja aleksandria ristik kui mitte-talvituvad vahekultuurid on hea 
biomassi ja N sidumise võimega sügisel. 
Vahekultuuride biomass ja N sidumine sõltuvad taimeliigist, külviajast ja 
ilmastikutingimustest kasvuperioodil.
Vahekultuuridel on positiivne mõju järgneva suviodra saagile.
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Metoodika
Põldkatsed viidi läbi katseaastatel 2016/2017, 2017/2018 ja 2018/2019 
Eesti Taimekasvatuse Instituudis. Vahekultuurid (talirukis, talirüps, 
kesaredis, aleksandria ristik ja talivikk) külvati pärast talinisu koristust 
2016. aastal 3. augustil ja 2017. aastal 3., 8., 14. ja 18. augustil ning 
2018. aastal 3., 8., 13. ja 17. augustil. Vahekultuuride maapealne ja 
-alune biomass määrati sügisel vegetatsiooniperioodi (oktoobri) lõpus 
ning talvitunud liikidel (talirukis, taliraps ja talivikk) ka kevadel, vahetult 
enne vahekultuuride sissekündi ja suviodra külvi (4. mail 2017. aastal 
ja 7. mail 2018. ning 2019. aastal) ning väljendati kuivaines kg ha–1. 
Oder koristati füsioloogilises küpsuses (30. augustil 2017, 6. augustil 
2018 ja 15. augustil 2019). Kuivatatud ja sorteeritud terasaak väljendati 
14% niiskustaseme juures kg ha−1. Taimede süsiniku ja N üldsisaldus 
määrati Dumas kuivpõletusmeetodil CNS elementanalüsaatoriga Eesti 
Maaülikooli mullateaduse ja agrokeemia laboris. 
Uuritud näitajate vahelist erinevust (p < 0,05) analüüsiti dispersioonanalüüsi 
meetodil statistikatarkvaraga Agrobase Generation II SQL (Agronomix 
Software, Inc., Winnipeg, Manitoba, CA, USA).
Tulemused
Uurimistöö tulemusel selgus, et vahekultuuride biomass ja N sidumine 
nii sügisel kui ka kevadel sõltusid liigist, kasvuperioodi pikkusest ja 
ilmastikutingimustest, eelkõige efektiivsete temperatuuride summast. 
Vahekultuurid moodustasid 2017. ja 2018. aasta sügisel 2016. aastaga 
võrreldes suurema biomassi. Kesaredis ei talvitunud, kuid moodustas 
sügisel nii suurima maapealse kui ka juurte biomassi ja sidus kõige rohkem 
lämmastikku. Aleksandria ristik, mis samuti ei talvitunud, moodustas 
aga väikseima biomassi ja sidus väikseima koguse N. Aleksandria ristik 
oli ka põuatundlik, moodustades väikseima biomassi 2018. aastal, kui 
vahekultuuride külvile eelnes kuiv periood.
Lisaks talirukkile ja talirüpsile talvitus mõlemal aastal ka talivikk, mis oli 
suurima biomassi ja N sidumise võimega kevadel. 
Kahel katseaastal läbiviidud vahekultuuride külviaegade katse näitas, et 
vahekultuuride biomass ja N kogus vähenesid külviaja hilinemisel ning 
vähenemine sõltus vahekultuuri liigist. Kõikidel külviaegadel oli suurima 
56
biomassi ja N sidumise võimega kesaredis. Kuigi talirukki biomass oli 
katses küllaltki madal, oli külviaja hilinedes biomassi vähenemine kõige 
väiksem. 
Aastate keskmisena suurendasid vaid kesaredis ja talivikk usutavalt 
järgneva suviodra saaki. Teiste vahekultuuride puhul oli suviodra saak 
sarnane kontrollvariandile.
Edasist uurimist vajavad teemad
Lisaks vahekultuuride üksikliikidele on vaja uurida vahekultuuri segus 
kasvatamist. Segude eelisteks võib olla suurem biomass, tõhusam N 
leostumise vähendamine ja parem N tagamine järgnevale kultuurile.
Vahekultuuride biomass ja N sidumine sõltuvad lisaks külviajale ka 
mulda viimise ajast, mistõttu on oluline uurida biomassi moodustamise 
ja N sidumise võimet ning mõju järelkultuuri saagile erinevate mulda 
viimise aegade korral. 
Vahekultuuride poolt seotud lämmastikust võib osa leostumise 
ja lendumise tõttu kaduma minna. Seega on vaja uurida N kadu 
vahekultuuride kasvatamisel. 
Minimeeritud mullaharimise ja otsekülvi tehnoloogia on muutunud järjest 
populaarsemaks, mistõttu on edaspidi oluline hinnata vahekultuuride 
kasvatamist nendes tingimustes.
Suurema biomassi ja N sidumise tagamiseks on vaja uurida vahekultuuride 
väetamise võimalusi sõnniku või teiste väetistega.
Vajalik on uurida vahekultuuride pikaajalist mõju mulla omadustele ja 
põhikultuuri saagile. 
Vahekultuuride kasvatamise tasuvuse hindamiseks on vaja teha 
majanduslik analüüs.
Uurimistöö tulemused annavad olulist informatsiooni vahekultuuride 
sobivusest Eestis tingimustes, kuid ka teistes põhjamaistes piirkondades 
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�����������������������������������������������������������������
�������� ���� �� ������������� ��� �������������� �������� ��������
also on the termination time in spring [6,8,16,20]. In nordic 
latitudes cover crops are commonly sown after harvest of the 
cash crop in late summer and incorporated into the soil before 
frosts [21,22]. However, winter cover crops allow to maintain the 
����������������������������������������������������������������
of soils and loss of nutrients. This is important under changed 
climatic conditions, whereby temperatures are more often above 
�����������������������������������������������������������������
early autumn, directly after harvest of early-ripening cash crops, 
such as winter cereals. However, delayed sowing of cover crops 
would allow to use them after later-ripening cash crop, such as 
���������������� ������������������������������������������������
to Estonia [23], but studies with delayed sowings have not been 
conducted. Therefore, this study aimed to investigate the effect 
��� ���������� ������� ������ �������� ���� ������� ��� ���� ������� ���
������������ ��������������������������������� �������������������
������������������������������������������������������������������
�������� ��� �������� �������� ���� ����������� ��� ������ ��������
���� ������������ �� ����� ��������� ����� �������� ������� ������ ���
�������� ���� �� ������������� ��� ����� ������� ������ ����� ��������
will decrease less with delayed sowing than that of others.
Materials and Methods
������ ������������ ����� ������������ ��� ����� ���� ����� ���
Estonian Crop Research Institute. The cover crops included winter 
����������������������������������������������������������������������
radish®� ��� ��� ��� ������� ������ ������ ����� �������� ��� ��� ��� �������
�����������������������������������������������������������������
�������������������������� ����������� ������������ ���������������
������������������� ���������������������������������� ������ �����
���������Triticum aestivum L����������������������������� 2��������
��� ��������������������������������������������������� ���������
replications. Biomass samples were collected from four squares 
of 0.25 m2� ���������������� ��������������������������������������
��� ���� ��� ��� ����� ���� ������ ��������������� �������� ��� ����
overwintered species was determined again in spring, before the 
������������ �����������������������������������������������������
Above ground biomass was collected by cutting the shoots on the 
ground level. Roots were collected with a shovel to a depth of 25 
cm and washed from soil on a sieve. The biomass samples were 
oven-dried at 65 °C until constant weight in order to determine 
���� ������� ���� ������� ���� ���������� ���������� ������ ���� �����
����������������������� ���������������������������������������
���� ������ ����������� ������� ��� �� ��������� ���� ����������
������������������������������������������������������ ������������
���� ��� ������������ �������� ��������� ������ ��� ����� ���� ������� ���
cover crop species, sowing date and their interaction on biomass 
����������������������������������������������������������������
�����������������������������������������������������������������




���� �������� ���� ������������ ������� ���� ������ ������� �����
growing period from August until the end of October was similar 
��������������°C������������� ��������������°C������������������
�����������������������������°C���������������������������������
average amount of precipitation from August until the end of 
������������������� ���������������� ����� ����������������� ���





the main growing period in April was higher in 2018 and 2019 
�������������°C�����������������������������������������������°C���
����������������������� ������ ��������������������� ����������
��������������������������������������� ���










LTA precipitation  
per month (mm)





July 14.9 16.8 �� �� 308 365
August 15.9 15.3 83 89 ��� 320
��������� 11.8 10.6 86 66 206 ���
October 4.8 5.3 ��� 66 53 60
�������� 2.1 0.3 �� 56 4.8 8
December 0.1 ���� 80 �� 0 1
January -2.4 -6.5 35 41 0 0.06
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������ �������� ������� ����� ���� ���������� ��� ������������ ��
��������� �������������� ��� ���� ������������ �������� ������ �����
species and sowing date in both trial years, measured in autumn 
��� ����� ��� ��� ������� ������� �� �� ���� �������� ����� ������ �����
������������ ��� ���� ������� ��� ���������� ��� �� ��� ���������� ������
crop species depending on the sowing date. According to the 
������� ����������������������������� ���� ���������� ���������
����������������������������������������������������������-1 in 
the 1st�����������������������������������-1 in the 2nd trial year. In 
the 1st����������������������������������������������������������





the 1st�������������������������-1 in the 2nd trial year.
���������� ��� ���� ������� �������������� �������� �� ���������
���� ����� ����������������������������������������������������
������� ����� ��� ������������������������������������������������
����������� ������� ������������ ����������������������� ����������
���������������������������� �������������������������������������
���� �������� ������� ��� �� ������� ���� ������� ������� �������� ����
������������������������������ �������������������st and the last 
�����������������������������������������������������������������
��� �������������������������������� ����������������������������
�������������� ��� ���� �nd sowing date compared to the 1st sowing 
�����������������������������
Discussion
Cover crop species differ in biomass and N accumulation
���� �������� ����� �� ��������� ������ ����������� ������� �����
����������������������������������������������������������������
by different species of winter cover crops measured in autumn 






Our results show that forage radish is a suitable winter cover crop 
���������������� ����������������������������������������������������
����� �������� ���� ����������� ��� ��� ���� �������� ������� ��������
������� �������������� ������ �� ������� ��� � ����������� �����
�������������������������������������������������������� ����� ��
also found that berseem clover is not suitable for winter cover 
crop when sown in autumn [23], probably because of sensitivity 
to cooler temperatures [4]. Additionally, when coupled with 
drought conditions during crop establishment as in our second 
�����������������������������������������������������������������
accumulation. However, when sown in spring berseem clover can 
���������������������������� ��������� ���������������������
������ ���� ����� ������� ������� ������ ����� ��������� ��������
������� ���� ������� ��� ������� ��� ���� ������ ������� �������� �������
radish was more tolerant to cold temperatures and decomposed 
by the end of April. Hairy vetch, winter turnip rape and winter 
rye overwintered in both trial years and therefore these three 
species were available for measurements in the following spring. 
Among the overwintering species hairy vetch accumulated 
���� �������� ������� ��� �������� ���� �� ��� �������� ������ ������ ���
�������������� ��� �� ������� ����� ����� ����������� ����� ������� ����
������������������������������������������������������������������
in northern climatic conditions [6,25]. Impact of sowing date on 
�������� ���� �� ������������� ������� ��� ������ ����� �������� ���
����������������������������������������������������������������
��������������������������������� ���������������������������������
during cover crop establishment in the scond trial year, cover 
crops sown on Aug 3 and Aug 8 emerged at the same time and 
������������������������������������������������� �������������
sowing date on tested species was different. In particular, winter 
rye was least affected, whereas berseem clover and hairy vetch 
����� ����� ��������� ��� ���� �������� ������� ������� ������� �������
��������� ���� �������� ������� ��� �������� ���� ������������ �� ���
case of all sowing dates, although it was considerably affected by 
delayed sowing. According to autumn measurements the biomass 
of winter rye decreased up to 28%, while the biomass of berseem 
clover and hairy vetch decreased up to 82 and 69%, respectively. 
��� ���������� ���� ������������ �� ��� ������� ���� ���������� ����� ���
��������������������������������������������������������������
������������������������������������������������
Therefore, it can be concluded, that although winter rye had 
����������� ������������������ ��� ��������������������������������
����������� ��� ���� ���� ���������� �������� ��� ��������� ��������� ������
��������������� ������������������������������ �� ��������������� ���
instance, studies from Ontario, Canada have found no decrease in 
������������ ���� ��������������� �����������������������������
for one month [18,19]. It is evident from our results that berseem 
������������������������������������������������������������������������
����������������������������������������������������������������
by 53 and 48%, respectively. Therefore, this crop can be used as a 
winter cover crop only in the case of sowing early in the autumn, 
as it can not tolerate low temperatures [4]. Earlier studies in 
�������� ����� ������ ����� �������� ������ ���� ���� ����� ����� ����
�������� ������ ���������� ��������������������������������������
����������������������������������������������������������������
crops than berseem clover. The susceptibility of legume cover crop 
species to delayed sowing date has also been reported previously. 
����������������������������������������������������������������
�����������������������������������������������������������
low temperatures in mid-October did not allow legume growth at 
���������
As measured in autumn, forage radish produced the highest 
�������� ���� �� ������� ���� ������� ������� �������� �������������
83
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soil layer, which can then be available for the following cash crops 
[13]. This was the case in our previous study, where forage radish 
��������������������������������������������������������������������
Therefore, forage radish can be recommended as one of the most 
favorable winter cover crops. 
�����������������������������������������������������������
��������������������� ������������� ������������ ������������������
during the growing period [8,16,18,30,]. Among the three 
��������������������������������������������������������������
������������������������������������������������������������������
�������������������� ����� ����������� ������������� ����������� ��
���� ������������������� �������������������� ��������� ����� �����
���������������������������������������������������������������
�����������������������������������������������������������������
for cover crop growth in case of delayed sowing [6,8]. On the 




hairy vetch biomass by 43% when harvested vegetative and by 
���� ����� ���������� ��� ���� ���������� ������� ��������� �������
et al. [16] reported average winter cover crop biomass decrease 
��� ����� ���� �� ������������� ��� ���� ����� �������� ������� ����
������ �������� ����������� ��� �������� ���� �� ������������� �����
terminated in late March compared with late April.
Conclusion




�������� ������� ������� ��������� ���� �������� ���� �������� �������




��� ������� ����� ��� ������� �������� ���� ����������� ��������� ����
������������������������ ���������������������������������������
at all sowing dates as measured in autumn, despite considerable 
��������� ��� �������� �������� ������� ���� ���� ������ ���������
by delayed sowing, whereas berseem clover and hairy vetch 
were most affected. Despite considerable decrease, hairy vetch 
���������������������������������������������������������������
measured in spring.
Therefore, we conclude that earlier sowing of winter cover 
������ ����� ������� ��� ������� �������� ���� ������������ �� ����� ���
������������������������������������ ���������������� ������������
species forage radish turned out to be the most favourable cover 
���������������������������������������������������������������
production berseem clover is not suitable for a cover crop in 
�������������������������������������� ���������������������
early over-wintering cover crops such as hairy vetch and winter 
����������������������������������������������������������������
following spring, particularly in case of leguminous hairy vetch. 
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Abstract: Using cover crops in fallow periods of crop production is an important management tool
for reducing nitrate leaching and therefore improving nitrogen availability for subsequent crops.
We estimated the short-term effect of five cover crop species on the yield of successive spring barley
(Hordeum vulgare L.) for two years in Estonia. The cover crop species used in the study were winter
rye (Secale cereale L.), winter turnip rape (Brassica rapa spp. oleifera L.), forage radish (Raphanus sativus
L. var. longipinnatus), hairy vetch (Vicia villosa Roth), and berseem clover (Trifolium alexandrinum L.).
The results indicated that out of the five tested cover crops, forage radish and hairy vetch increased
the yield of subsequent spring barley, whereas the other cover crops had no effect on barley yield.
All cover crop species had low C:N ratios (11–17), suggesting that nitrogen (N) was available for
barley early in the spring.
Keywords: cover crop; nitrogen accumulation; spring barley yield
1. Introduction
Using cover crops in fallow periods of crop production is an important management tool for
reducing nitrate leaching and providing green manure service by improving the nitrogen (N) nutrition
of subsequent crops [1–3]. Many studies have researched the effect of cover crops on subsequent crop
yields, but the results are very variable depending on factors such as cover crop species, biomass
production and quality, environmental factors, and management practices [1].
The main influence of cover crops on subsequent crop yield is through their effect on N availability
in the soil. Leguminous cover crops bind N from the atmosphere and thereby provide additional
nitrogen [4,5]. This causes faster mineralization of soil-incorporated leguminous residues thanks to
the higher N concentration and lower C:N ratio of legumes’ biomass. In contrast, a large C:N ratio
can result in reduced N mobilization and lower N availability for the succeeding crop [6]. However,
non-leguminous cover crops can scavenge for significant amounts of residual soil nitrate [7]. Mixtures
of leguminous and non-leguminous cover crop species have been shown to be more effective in
both providing nitrate supply and being employed as green manure [8–11]. Many authors have
concluded that significant increases in main crop yields occur after the long-term use of cover crops in
crop rotations, due to increases in both soil fertility and stores of organic matter [3,12,13]. However,
the negative influence of cover crops on subsequent crops is mainly associated with the reduction
of soil water storage, especially in water-limited regions [13–16]. As the effect of cover crops on
subsequent crop yield has been reported to be very variable, and often depends on local climatic and
soil conditions, more studies are needed from various regions. The biomass and nutrient accumulation
Agriculture 2019, 9, 172; doi:10.3390/agriculture9080172 www.mdpi.com/journal/agriculture
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of common winter cover crops have been recently tested in Estonia [17]. There have been some
trials with winter-killed cover crops in which the effect on the following summer wheat yield was
studied [18]. The aim of this experiment was to evaluate the effect of various cover crop species on the
yield of subsequent spring barley, in order to find potentially beneficial cover crops that are suitable for
the agro-climatic conditions prevailing in northern Europe.
2. Materials and Methods
We conducted a field experiment at the Estonian Crop Research Institute (58◦44�59.41�� N,
26◦24�54.02�� E) during the period of 2016–2018. The experiment was run in two sequential trials.
The first trial evaluated cover crop performance (i.e., biomass and accumulation of nitrogen, phosphorus,
potassium, calcium, and magnesium) in northern climatic conditions, data of which are published in
Toom et al. [17]. The second and current trial evaluated the effect of cover crops on the yield of the
following cash crop spring barley. However, in order to better interpret the current results, some cover
crop data (biomass and nitrogen accumulation) from the first trial are referred to in the current study.
The soil in the trial site was of Cambic Phaeozem (Loamic) soil type [19]. The soil characteristics
were as follows: pHKCl 6.9, P 104 mg kg−1, K 195 mg kg−1, Ca 3700 mg kg−1, Mg 510 mg kg−1, Corg
2.1%, and Ntot 0.16%. The trial site is situated in a climate zone with a long-term average annual
temperature of 5.3 ◦C and precipitation of 670 mm [20].
The study used the following cover crop species with seeding rates that were adjusted for Estonia:
forage radish (Tillage radish® at 10 kg ha−1), winter turnip rape (cultivar (cv.) Largo at 10 kg ha−1),
hairy vetch (cv. Villana at 50 kg ha−1), berseem clover (cv. Akenaton at 15 kg ha−1), and winter rye (cv.
Sangaste at 180 kg ha−1). The study also included control plots where the cover crop was omitted.
In both years, the cover crops were sown on 3 August, immediately after winter wheat (Triticum
aestivum L.) had been harvested. Each test plot was 4 × 6 m in size and arranged in a randomized
complete block design that was repeated four times. At the end of October, cover crop above- and
below-ground biomass samples were collected from four randomly placed squares sized 0.25 m2
from each plot. The biomass of the overwintered species was measured again in spring, before the
cover crops were ploughed into the soil (on 4 May 2017 and 7 May 2018). After the cover crop was
incorporated into the soil, spring barley was established. The above-ground biomass was cut at the
ground level for measurements. In order to measure the below-ground biomass, the soil inside the
squares was excavated to a depth of 25 cm and the roots were washed on a sieve (mesh size 0.5 mm).
The weight of the biomass was measured after desiccating the material at 65 ◦C to a constant weight.
For C and N analysis, the samples were milled, and plant total C and total N concentration was
analyzed by the Dumas Combustion method on a VarioMAX CNS elemental analyzer (“Elementar
Analysensysteme”, GmbH, Langenselbold, Germany) in the Soil Science and Agrochemistry laboratory
at the Estonian University of Life Sciences.
The biomass of cover crops was ploughed into soil in spring by using a mold-board plough
Kverneland to a depth of 22–24 cm. Immediately after ploughing, the spring barley cultivar Maali (at
400 seeds m2) was sown without any additional fertilizers. When barley had reached its physiological
maturity, it was harvested with a Hege plot combine harvester (on 30 August 2017 and 6 August
2018). The grain yield of dried and cleaned seeds was adjusted to 14% moisture level and expressed in
kg ha−1.
In order to study the effect of cover crops on the yield of spring barley, an analysis of variance
(ANOVA) was carried out. The models included the effect of cover crops, the year, and the interaction
between the two. The differences between individual cover crop species were calculated using the
post hoc Fisher’s Least Significant Difference (LSD) test. Statistical analyses were carried out using
the statistical software package Agrobase Generation II SQL (“Agronomix Software”, Inc., Winnipeg,
Manitoba, CA, USA).
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3. Results and Discussion
3.1. Weather Conditions
The average air temperature during the cover crops’ main growing period from August until the
end of October in 2016 and 2017 (10.5 and 10.8 ◦C, respectively) was similar to the 10.4 ◦C long-term
average of these months. Compared to the long-term average precipitation (74 mm), the average
amount of precipitation was higher in 2016 (84 mm) and slightly lower in 2017 (70 mm). The average
temperature during the main growing period in April was lower in 2017 (2.8 ◦C) and higher in 2018
(6.2 ◦C) than the long-term average (3.8 ◦C). Compared to the long-term average of precipitation
in April (36 mm), the average amount was considerably higher in 2017 (52 mm) and lower in 2018
(21 mm). More detailed data about the weather conditions during the growing period of cover crop
species can be found in Toom et al. [17].
The air temperatures during the growing period of barley in 2017 were 0.8 ◦C lower than the
long-term average in May. In June it was 1.1 ◦C lower and in July it was 1.9 ◦C lower. August was
0.5 ◦C warmer than the long-term average (Table 1). The amount of precipitation from May until the
end of August (278 mm) was similar to the long-term average (285 mm). The weather in 2018 was
warm and dry: The air temperatures were higher than the long-term average by 4.1 ◦C in May; 0.5 ◦C
in June; 3.5 ◦C in July; and 2.5 ◦C in August. The amount of precipitation from May until the end of
August (131 mm) was lower than the long-term average (285 mm).
Table 1. Average air temperature and precipitation per month during the experimental period and











Month (mm)2017 2018 2017 2018
May 9.6 14.5 10.4 8 17 50
June 13.4 15.0 14.5 99 23 68
July 14.9 20.3 16.8 73 15 78
August 15.9 17.9 15.4 98 76 89
3.2. Cover Crop Biomass, Nitrogen Accumulation, and C:N Ratio
According to the ANOVA results, there were significant differences between the biomass and N
values of cover crop species, measured in both autumn and spring (Table 2). Post hoc analyses of
Fisher’s LSD test showed that among the tested leguminous and non-leguminous cover crop species,
forage radish produced the highest average biomass (3178 kg ha−1) and contained the highest amount
of N (86 kg ha−1) when measured in autumn. However, among the three cover crops that survived the
winter (hairy vetch, winter turnip rape, and winter rye), hairy vetch accumulated the highest average
biomass (2210 kg ha−1) and N (73 kg ha−1) when measured in spring (Table 3). The C:N ratio of all the
cover crop species remained relatively low; it ranged on average from 12 to 17. Specifically, hairy vetch
had the lowest C:N ratio. More detailed analyses on the amount of biomass and nutrients of all the
tested cover crop species are found in Toom et al. [17].
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Table 2. Analyses of variance for cover crop biomass and nitrogen accumulation depending on species,
year, and the interaction between the two. *
Characteristic Source of Variation df SS MS F p
Autumn
Biomass Species 4 23,837,346.850 5,959,336.713 125.18 <0.001
Year 1 2,522,550.625 2,522,550.625 52.99 <0.001
Species × year 4 2,262,263.250 565,565.813 11.88 <0.001
Nitrogen Species 4 17,698.269 4424.567 106.58 <0.001
Year 1 3301.489 3301.489 79.53 <0.001
Species × year 4 1886.884 471.721 11.36 <0.001
Spring
Biomass Species 2 1,783,399.693 891,699.847 20.64 <0.001
Year 1 5,513,483.760 5,513,483.760 127.64 <0.001
Species × year 2 55,743.960 27,871.980 0.65 0.5385
Nitrogen Species 2 4146.318 2073.159 47.80 <0.001
Year 1 2042.415 2042.415 47.09 <0.001
Species × year 2 54.768 27.384 0.63 0.5454
Notes: df—degrees of freedom; SS—sums of squares; MS—mean squares. F—treatment mean square/error mean
square. p—significance probability value. * Table modified from Toom et al. [17].











Biomass kg ha−1 1169c 667d 1422b 1415b 2515a
N kg ha−1 29c 16d 52b 33c 69a
C:N 16 17 11 18 15
*Autumn
2017
Biomass kg ha−1 1752b 1188d 1362cd 1556bc 3841a
N kg ha−1 64b 28e 53c 42d 103a




Biomass kg ha−1 1461b 928c 1392b 1486b 3178a
N kg ha−1 47c 22e 53b 38d 86a
C:N 14 17 11 17 15
**Spring
2017
Biomass kg ha−1 1531a 1009b 1731a x x
N kg ha−1 48b 31c 62a x x
C:N 13 14 11 x x
**Spring
2018
Biomass kg ha−1 2372b 2086c 2689a x x
N kg ha−1 62b 51c 84a x x




Biomass kg ha−1 1952b 1548c 2210a x x
N kg ha−1 55b 41c 73a x x
C:N 15 16 12 x x
Notes: Different lowercase letters within row are significantly different (p < 0.05; ANOVA, Fisher’s Least Significant
Difference (LSD) test). * The biomass of the winter-killed species, measured at the end of October. ** The biomass of
the overwintered species, measured in the following spring before incorporating the cover crops into the soil, x no
data (winter-killed species).
3.3. Spring Barley Yield
According to the ANOVA results, the spring barley yield was significantly affected by cover crop
species and year, but not the interaction between the two (Table 4). Barley yield level was relatively low
because no fertilizers were added. The average yield was higher in the first year of harvest compared
to the second year (3223 and 2693 kg ha−1, respectively). The difference was caused by heavy drought
in the second harvest year. However, the effect of cover crop species on the subsequent yield of barley
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was similar in both years, as indicated by the lack of significant interaction between the effects of cover
crop species and the year.
Table 4. Analyses of variance for spring barley yield depending on cover crop species, year, and the
interaction between the two.
Characteristic Source of Variation df SS MS F p
Spring barley
yield
Cover crop 5 785,047 157,009 3.52 0.0127
Year 1 8,709,144 8,709,144 195.35 0.001
Cover crop × year 5 222,218 44,444 1.00 0.4364
Notes: df—degrees of freedom; SS—sums of squares; MS—mean squares. F—treatment mean square/error mean
square. p—significance probability value.
Among the tested cover crop species, forage radish and hairy vetch significantly increased the
grain yield of subsequent barley by 11 and 9%, respectively (Figure 1). The level of grain yield of barley
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Figure 1. The effect of cover crops on the yield of spring barley (kg ha−1) in 2017 and 2018, and the
average of these years compared to the control (without cover crop). Within years, bars marked with
different lowercase letters indicate significant differences at p < 0.05 according to the Fisher’s LSD test.
The beneficial effect of radish cover crop is mainly associated with rapid growth during autumn
and the ability to scavenge large amounts of residual N from deep soil layers with its large tap root [2,7].
This was confirmed in our experiment, where forage radish accumulated highest biomass and N in
autumn, compared to other leguminous and non-leguminous species. As a result, it is likely that
a major amount of N became available to the subsequent crop. With winter-killed cover crops it
is recommended to sow the subsequent main crop early in spring to recapture the accumulated N.
Minimizing spring leaching losses is of essential importance in soils that are coarse-textured and
well-drained to excessively drained [21]. Our results on the positive effect of forage radish confirm
several previous studies. For example, in Denmark, Sapkota et al. [2] evaluated the effect of different
cover crop species on N leaching and barley yield. They found that fodder radish grown before barley
(which was sown in the previous autumn) grew its roots deeper and depleted N from deeper soil
layers. When chicory and ryegrass were used as barley undersows, they decreased N leaching, but also
reduced spring barley yield. This was probably caused by competition for light, water, and nutrients.
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In our study, none of the tested cover crop species reduced the yield of spring barley. Jahanzad
et al. [7] found that when choosing a cover crop for potato, forage radish was a better option than rye,
as it needed less N fertilizer and sustained tuber yield and mineral nutrient concentration in tubers.
Using rye as a cover crop gave a higher potato yield than using no cover crop at all, but it did not
release enough N for the potatoes since it was terminated in early spring when it had a limited biomass.
In addition to N cycling, forage radish can contribute to the yield of succeeding crops through other
mechanisms. According to Weil and Kremen [22], forage radish is effective in suppressing weeds and
reducing the effects of soil compaction. They also found that using forage radish resulted in improved
soybean growth and higher soybean seed yields.
In accordance with our results, previous studies have also reported the beneficial effects of hairy
vetch. Campiglia et al. [23] found that in Italy, hairy vetch ensured a similar potato yield to that
obtained by mineral fertilization, but rye or ryegrass monoculture either did not affect or had a negative
effect on corn yield and N availability in soil. According to Sainju et al. [24], hairy vetch and crimson
clover caused an increase in tomato yield.
Berseem clover in our study did not increase barley yield significantly. This is likely because it
did not produce a sufficient biomass and could not provide enough N for barley, since berseem clover
was killed by frosts. However, when sown in spring, berseem clover can produce sufficient biomass
and increase the yield of subsequent winter cereals [25].
In order to prevent the loss of accumulated N, it is recommended to sow subsequent crops as soon
as possible after incorporating the biomass of leguminous cover crops with low C:N ratios, such as
hairy vetch. Sievers et al. [26] pointed out that most of the N in hairy vetch tissues is released in the
first two weeks after termination. Therefore, it is susceptible to leaching out or denitrification if the
following crop is not planted on time or it is not able to reach the growth stage where it could use the
N from hairy vetch. In our study, barley was sown immediately after cover crop incorporation and
was presumably able to use the accumulated N.
Rye has been found in some cases to make less N available to the following crop. This happens
due to microbial immobilization if rye is terminated when its C:N ratio has risen above 30 [21]. In our
study, winter rye produced a modest biomass and had quite a low C:N ratio (14–17), probably because
it did not reach maturity before termination.
4. Conclusions
The results of our two-year experiment in northern Europe (Estonia) show that cover crops have
either a positive effect or no effect on subsequent barley yield, depending on the cover crop species.
Specifically, forage radish and hairy vetch showed the potential to increase the yield of subsequent
crops, likely due to their ability to provide N for the barley. Although forage radish was winter-killed,
it accumulated both a high biomass and high N levels in autumn, whereas hairy vetch was the best
biomass producer and N accumulator in spring. Nevertheless, the rest of the tested cover crops did
not reduce the yield of subsequent barley crops.
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